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ABSTRACT 


Six  randomly  selected  strains  of  Staphylococcus  aureus  all  ex* 
hibited  the  same  gene  order  along  the  chromosome  when  mapped  by 
the  synchronous  chromosomal  replication  procedure.  Strains  pos¬ 
sessing  multiple  antibiotic  realstar.ee  yielded  a  genomic  ma*. 
with  all  genes  shifted  toward  significantly  later  replication 
times  than  in  strains  not  bearing  multiple  antibiotic  resistance. 
It  appears  that  there  is  a  unique  site  on  the  S.  aureus  chromosome 
for  the  initiation  of  replication. 
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I .  INTRODUCTION* 


The  recent  development  of  a  method  for  mapping  the  chromoa^e  of 
Staphylococcus  aureus  (the  synchronous  chromosomal  replication  method) 
has  revealed  the  location  of  a  number  of  genes  on  the  genome  of  a  single 
scrain  of  this  organism.1 * 2  The  voluminous  literature  in  the  past  decade 
on  gene  order  in  various  strains  of  Escherichia  coli  has  shown  that  all 
these  strains  exhibit  generally  the  same  genomic  map.  In  the  studies 
reported  herein,  a  number  of  strains  of  S.  aureus  were  examined  by  the 
mapping  method  referred  to  above.  All  strains  of  S.  aureus  so  far  tested 
have  yielded  identical  gene  orders,  a  fact  that  suggests  that  the  gene 
order  and  the  positions  of  the  genes  on  the  chromosome  describe  a  sequence 
of  genetic  information  unique  for  this  organism. 


II.  MATERIALS  AND  METHODS 


The  method  for  mapping  genes  was  essentially  that  previously  described.3 
Briefly,  a  culture  of  S.  aureus  in  Albimi  Brucella  broth**  was  grown  on  a 
shaker  at  37  C  to  late  log  phase.  Phenethyl  alcohol  was  added  to  a  final 
concentration  of  0.40%  and  the  culture  was  then  incubated  at  30  C  for  2  hours 
without  shaking,  which  allows  all  chromosomal  replication  to  proceed  to 
completion  but  prevents  initiation  of  another  round  of  replication.  Sub¬ 
sequently,  40  ml  of  the  culture  were  centrifuged  and  the  packed  cells  were 
resuspended  in  100  ml  of  one-half  strength  Brucella  broth.  This  suspension 
was  then  incubated  at  30  C  without  shaking.  Immediately  after  resuspension, 
and  at  5-  or  10-minute  Intervals  thereafter,  5-ml  samples  were  withdrawn 
and  immediately  centrifuged.  The  sedimented  cells  were  rapidly  resuspended 
in  5  ml  of  0.85%  saline  containing  200  tig  of  N-methyl-N'-nitro-N-nitroso- 
guanidine  (NG)  per  ml  and  incubated  for  20  minutes  at  30  C  to  induce 
mutations.  At  the  end  of  the  20-minute  exposure  to  the  mutagen  (NG),  the 
suspension  was  either  diluted  and  plated  on  minimal  agar  to  detect  mutations 
from  auxotrophy  to  prototrophy  or  was  centrifuged  and  resuspended  in  full- 
strength  Albimi  broth.  Subsequent  incubation  of  this  culture  on  the  shaker 
at  37  C  for  5  hours  allowed  complete  expression  of  recessive  mutations  to 
antibiotic  resistance.  Such  cultures  were  then  diluted  and  plated  on 
Tryptlcase  soy  agar  (BBL)  containing  an  appropriate  concentration  of 
antibiotic. 


*  This  report  should  not  be  used  as  a  literature  citation  in  material  to  be 
published  in  the  open  literature.  Readers  interested  in  referencing  the 
information  contained  herein  should  contact  the  author  to  ascertain 
when  and  where  it  may  appear  in  citable  form. 

**  Albimi  Laboratories,  Flushing,  New  York. 
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After  incubation  for  48  hours  at  37  C,  prototrophic  or  antibiotic- 
resistant  colonies  were  counted,  and  the  total  colony  counts  on  triplicate 
plates  of  the  same  dilution  were  plotted  against  the  time  of  sampling.  The 
abrupt  rise  in  total  number  of  mutants  was  designated  as  the  gene  duplication 
time  of  the  locus  in  question.  The  total  viable  count  remained  constant 
throughout  the  entire  mapping  procedure.  Accurate  enumeration  of  mutants 
resistant  to  acriflavine  or  to  nitrofurasone  requires  careful  selection  of 
the  proper  dilution  to  be  plated  so  that  erratic  counts  obtained  at  higher 
or  lower  dilutions  can  be  avoided. 

All  nutritional  mutants  were  isolated  from  the  parent  strains  by  selection 
following  exposure  to  NG.  The  strains  employed  were  isolated  from  clinical 
material  and  were  typical  £.  aureus .  The  details  of  composition  of  minimal 
agar,  the  concentrations  of  antibiotics  employed  in  detecting  resistant 
mutants,  and  a  complete  discussion  of  the  mapping  method  have  been  presented 
previously.8 


III.  RESULTS 


Initial  experiments  were  designed  to  detect  the  position  (replication 
time)  of  the  gene  determining  resistance  to  novobiocin  in  a  number  of  strains. 
Of  ten  strains  tested,  the  novobiocin  locus  replicated  at  40  to  50  minutes 
for  seven  strains,  but  at  60  to  70  minutes  for  the  other  three  strains.  An 
example  of  each  category  is  presented  in  Figure  1.  Previous  characterisation 
of  these  strains  had  shown  that  the  three  strains  for  which  the  novobiocin 
locus  replication  time  was  60  to  70  minutes  exhibited  multiple  antibiotic 
resistance  to  sulfonamides,  penicillin,  streptostycin,  and  tetracycline. 
Presumably,  these  characteristics  arise  from  the  presence  of  a  plasmid  or 
multiple-resistance  factor  (MRF)  bearing  the  resistance  genes  cited  above. 

The  other  seven  strains  in  the  survey  did  not  possess  the  MRF. 

It  was  of  Interest  to  determine  the  locations  of  other  genes  on  the 
chromosomes  of  the  strains  in  question  to  detect  differences  in  replication 
time  that  were  related  to  the  presence  or  absence  of  the  MRF.  The  gene 
replication  times  and  the  resulting  genomic  map  for  strain  Maybush  are 
presented  in  Figure  2.  To  standardise  the  presentation  of  gene  duplication 
times,  the  numbers  of  mutants  at  each  test  Interval  before  the  abrupt  rise 
were  averaged,  and  this  average  was  divided  into  the  actual  mutant  number  at 
each  sampling  time,  thus  giving  a  constant  base  line  of  1.0  for  illustration 
of  replication  times  of  the  genes. 


Strain  #2 


Strain  Stottle 


FIGURE  1.  Duplication  of  Novobiocin  Resistance  Cene  in  S.  aureus 
Strain  #2,  Not  Bearing  MRF,  and  Strain  Stottle,  Possessing  MRF. 


PAN  CMP  RIB  NOV _ TRP 

ACR 


FIGURE  2,  Gene  Duplication  Times  and  Genomic  Msp  for  Strain  Maybush 
Bearing  Multiple  Antibiotic  Resistance  (MRF).  ACR  »  acrlflavln 
resistance;  CMP  -  chloramphenicol  resistance;  PAN  «  pantothenate ; 

RIB  ■  riboflavin;  NOV  •  novobiocin  resistance;  TRP  •  tryptophan. 
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Extension  of  this  methodology  to  five  other  strains  yielded  the  genomic 
maps  presented  in  Figure  3.  In  this  figure,  the  strains  are  grouped 
according  to  the  presence  and  absence  of  the  MRF.  Although  there  are  several 
minor  anomalies  in  gene  duplication  time,  it  is  clear  that  the  gene  replication 
occurs  earlier  in  the  strains  without  MRF  than  in  strains  harboring  MRF.  In 
addition,  the  consistent  gene  order  present  in  all  strains  so  far  examined 
is  apparent.  Unpublished  data  have  shown  that  the  rate  of  DNA  synthesis 
following  release  from  phenethyl  alcohol  inhibition  is  nearly  the  same 
(±10%)  for  all  strains  for  which  genomic  maps  have  been  derived  (Figure  3). 


CMP  NOV 

PAN  CMPJUB  NQV  TRP 

ACR 

PAN  CMP  RIB  NOV  JRP 


WITH  MRF 


PAN  RIB 

NOV 

TRP 

CMP 

PAN  RIB 

NOV 

WITHOUT 

CMP 

ACR 

MRF 

CMP 

NOV 

10  20  30  40  50  60  70  80  90  100  110 


Replication  Time  In  Minutes 


FIGURE  J.  Genoaic  Map*  of  S  Lx  Strain*  of  S.  aureua,  C«n«r 
abbreviations  uiw  a*  on  Figure  2. 
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IV.  DISCUSSION 


The  results  presented  in  Figure  3  demonstrate  clearly  that  a  constant 
gene  order  occurs  in  at  least  six  rai.uumly  selected  strains  of  J>.  aureus . 
The  locations  of  the  antibiotic  resistance  markers  were  all  determined 
with  the  parent  types  and  were  strictly  comparable  because  the  rates  of 
DNA  synthesis  following  release  from  phenethyl  alcohol  inhibition  were 
very  nearly  identical.  However,  the  location  of  genes  governing  synthesis 
of  vitamins  or  tryptophan  was  determined  with  single  auxotrophs  that  may 
possess  differing  rates  of  DNA  synthesis  and  thus  displace  the  apparent 
position  of  the  gene.  The  time  intervals  between  genes  are  also  relatively 
constant  among  the  various  strains,  thus  eliminating  the  possibility  that 
gross  differences  in  rate  of  DNA  synthesis  between  strains  with  and 
without  MRF  can  account  for  earlier  gene  duplication  times  in  strains  not 
harboring  MRF.  The  mechanism  by  which  MRF  delays  gene  duplication  times 
is  unknown,  but  it  can  be  suggested  that  MRF  duplicates  first  in  these 
strains  after  which  replication  of  the  host  genome  is  permitted. 

The  magnitude  of  the  relative  increase  in  mutants  resulting  from  the 
abrupt  rise  (gene  duplication  time)  is  apparently  controlled  to  some 
extent  by  the  medium  employed  in  the  mapping  procedure.  An  earlier  paper2 
shoved  that  a  doubling  of  mutants  occurred  at  the  gene  duplication  time 
when  Trypticase  soy  broth  (BBL)  was  employed.  In  the  present  study,  Albimi 
Brucella  broth  was  used  and  yielded  relative  Increases  in  mutant  number  of 
1.3  to  1.5.  An  assessment  of  several  other  media  revealed  that  different 
relative  increases  from  1.2  to  1.8  were  obtained  with  different  media. 
Albimi  Brucella  broth  was  chosen  because  of  the  sharp  synchrony  apparently 
obtained  in  genomic  replication  in  this  medium  compared  to  the  other  media 
tested.  Several  unpublished  experiments  have  also  demonstrated  that  the 
gene  duplication  time  of  a  specific  locus  of  a  single  strain  of  S.  aureus 
can  vary  as  much  as  10  minutes  when  different  lots  of  the  same  medium  are 
used.  For  example,  the  gene  duplication  time  for  novobiocin  resistance 
was  60  to  70  minutes  for  strain  Smith  using  an  old  lot  of  Albimi  Brucella 
broth  but  was  shortened  to  50  to  60  minutes  with  a  fresh  lot  of  the  saote 
medium.  The  maps  of  strains  bearing  MXF  presented  in  Figure  3  show  some 
of  this  type  of  variation  because  one  strain  was  studied  with  old  Albimi 
Brucella  broth  but  the  other  two  were  investigated  usir.g  a  fresh  lot  of 
the  medium. 

Recent  data  on  genomic  napping  of  E.  coll  have  revealed  that  there  is 
a  definite  locus  of  initiation  of  chromosomal  replication  irrespective  of 
the  fertility  nature  of  the  strain  investigated.  Both  F"  and  Hfr  strains 
exhibit  the  same  replication  origin. 'rhe  results  in  the  present 
investigation  indicate  that  there  is  also  s  definite  locus  for  initiation 
of  chromosomal  replication  in  S.  aurevs  a. to  that  the  gene  order  is 
consistent  among  rando^l/  .elected  s'  «lns  of  this  organism. 
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